Purpose: To evaluate the systemic pharmacokinetics (PKs) of aflibercept, bevacizumab, and ranibizumab in patients with neovascular age-related macular degeneration (AMD), diabetic macular edema (DME), or retinal vein occlusion (RVO).
V ascular endothelial growth factor (VEGF) is a critical mediator of physiological angiogenesis and pathological angiogenesis. 1 Several ophthalmic diseases, including neovascular (wet) age-related macular degeneration (AMD), diabetic macular edema (DME), and macular edema after retinal vein occlusion (RVO), are characterized by abnormal angiogenesis and increased vascular permeability in the retina, which ultimately can lead to vision loss if left untreated. 2 The three most commonly prescribed anti-VEGF therapy options available in clinical practice for the treatment of AMD, DME, and RVO are aflibercept, bevacizumab, and ranibizumab. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] These 3 anti-VEGF treatments differ in their molecular structure and properties. Aflibercept is a fusion protein (115 kDa) comprising the second Ig domain of human VEGFR1, the third Ig domain of human VEGFR2, and the Fc region of a human IgG1. 13 Aflibercept binds multiple isoforms of human VEGF-A, VEGF-B, and placental growth factor. 11 The reported estimated terminal elimination half-life of free aflibercept in plasma is 5 days to 6 days after intravenous administration of doses ranging from 2 mg/kg to 4 mg/kg. 12 The vitreous half-life of aflibercept in rabbits is 3.63 days. 14 At the time of this publication, there are no data available on the half-life of aflibercept in the human eye. Ranibizumab and bevacizumab bind to all human VEGF-A isoforms. [15] [16] [17] Bevacizumab is a full-length monoclonal antibody (149 kDa) that was developed for cancer therapy. 16 In human nonvitrectomized eyes, the aqueous half-life of bevacizumab was 9.82 days. 18 Ranibizumab is an anti-VEGF-A affinity-matured monovalent monoclonal antibody fragment (48 kDa) that was designed for ocular use. 15 It does not contain the Fc antibody region, and hence, it is cleared from the bloodstream more rapidly and has a short systemic elimination half-life of $2 hours. 19 Using a population pharmacokinetic (PK) analysis from 674 patients with wet AMD, Xu et al 19 estimated the vitreous half-life of ranibizumab to be $9 days. This approach, however, is not applicable to bevacizumab and aflibercept because upon entering the systemic circulation they undergo recycling via FcRn receptor. 19 In primates, the vitreous elimination half-life of ranibizumab is reported to be $3 days. 20 The aqueous half-life of intravitreal ranibizumab 0.5 mg is 7.19 days in human nonvitrectomized eyes. 21 The systemic PK values of ranibizumab in patients with RVO and DME were shown to be similar to those in patients with AMD; thus, systemic exposure of ranibizumab is not considered dependent on disease state. 22 Concerns have been raised regarding potential adverse effects resulting from the systemic suppression of VEGF from intraocular anti-VEGF treatments. 23 From clinical experience in oncology, there are known adverse effects related to blocking VEGF in the systemic circulation. 24 These adverse effects include cardiovascular and arterial thromboembolic effects (ATE), renal and gastrointestinal (GI) effects, and woundhealing complications. The majority of comparative safety data for intravitreal use of anti-VEGF therapeutics come from large clinical trials in neovascular AMD patients. [25] [26] [27] [28] [29] [30] In patients with AMD, greater decreases in serum and plasma free-VEGF have been observed with bevacizumab and aflibercept compared with ranibizumab. [31] [32] [33] [34] [35] Additionally, several studies have explored the impact of anti-VEGF therapeutics on serum 36 and plasma 37, 38 VEGF levels in patients with AMD. However, studies comparing the systemic levels of aflibercept, bevacizumab, and ranibizumab and their relative effects on circulating VEGF in patients with DME and RVO are lacking. Because systemic safety concerns have recently been raised in the non-AMD populations, 39 it is important to assess systemic PK of intravitreal anti-VEGF agents in these groups as well.
The objective of the current prospective study was to evaluate and compare serum drug concentrations and plasma free-VEGF concentrations in patients with AMD, DME, or RVO receiving intravitreal injections of aflibercept, bevacizumab, or ranibizumab. Additionally, values were compared across indications to identify if disease impacts any differences observed.
Methods

Study Design
The study protocol was Institutional Review Board approved and was conducted in accordance with U.S. Food and Drug Administration Good Clinical Practice guidelines. Written informed consent was provided by all patients for study participation. This study was From the *California Retina Consultants, Santa Barbara, California; and †Genentech, Inc, South San Francisco, California.
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This prospective study enrolled patients from several offices of a single private practice (California Retina Consultants, Santa Barbara, CA) who were naive to anti-VEGF therapy or had not received treatment with anti-VEGF for at least 4 months. Patients were sorted into 3 groups based on eye disease (neovascular AMD, DME, or RVO), with at least 15 patients per disease state for each drug group. Patients received 3 monthly intravitreal injections (re-treatment could be given within 21-35 days from previous injection) of aflibercept 2.0 mg, bevacizumab 1.25 mg, or ranibizumab (0.5 mg for AMD and RVO patients and 0.3 mg for DME patients). Patients were excluded from the study if they were unwilling to receive three monthly injections of an anti-VEGF agent, had been treated with a systemic anti-VEGF agent for cancer in the past year, were currently undergoing dialysis, or if they had received a vitrectomy in the treated eye.
Sample Collection and Bioanalytical Methods
Blood samples were collected at screening, 3 hours after injection, and at Days 1, 3, 7, and 28 after Dose 1 and Dose 3 for PK and systemic VEGF analyses. Analyses of serum drug levels and plasma concentrations of free-VEGF have been described in detail previously. 32 CTAD (citrate, theophylline, adenosine, and dipyridamole) tubes were used for the collection of plasma samples because of their ability to preserve platelets and prevent activation. 40, 41 VEGF was measured in plasma samples, as opposed to serum, to prevent or minimize release of VEGF from platelets. 42 Serum levels of aflibercept, bevacizumab, and ranibizumab were analyzed using solution phase enzymelinked immunosorbent assays (ELISA). The lower limits of quantitation (LLOQ) for aflibercept, bevacizumab, and ranibizumab were 1,000 pg/mL, 313 pg/ mL, and 15.0 pg/mL, respectively. Plasma concentrations of free-VEGF were determined using the Quantikine ELISA kit, with an LLOQ of 10 pg/mL (R&D Systems, Minneapolis, MN). As noted by the manufacturers of this kit, this assay is not suited to measure total VEGF in the presence of anti-VEGFs, because of the binding properties of the capture and detection reagents used in the assay.However, this assay is commonly used for measuring free-VEGF levels in samples from patients treated with anti-VEGF therapeutics. Target-therapeutic complexes are in a state of binding equilibrium, which we expect to be minimally affected by the 1:2 sample dilution performed in this assay.
PK Analyses
PK parameters were analyzed using noncompartmental analysis, and descriptive statistics were used to summarize the results. Because this was a PK study, a formal sample size calculation was not done. Noncompartmental PK analysis was used to evaluate drug concentration data and determine area under the curve (AUC) over 28 days (AUC 0-28 [Dose 1], AUC [Dose 3]), peak concentration (C max ), trough concentration (C min ), and serum half-life for each anti-VEGF. To better estimate the serum half-lives of bevacizumab and aflibercept (which are estimated to have longer systemic half-lives because of their Fc portion), a protocol amendment was implemented in the middle of the study to collect PK data at later time points after the third dose if the patient had not received another injection the next month for his or her eye disease. As a result, only a small fraction of patient data was available for an accurate half-life estimation, and the serum half-life data were pooled over all three indications. Serum drug concentrations of aflibercept, bevacizumab, and ranibizumab and plasma free-VEGF levels that measured lower than the LLOQ were assigned a value equal to 50% of the LLOQ (rather than a value of 0).
Results
Patients
A total of 151 patients were enrolled in this study, 57 in the AMD group, 46 in the DME group, and 48 in the RVO group (Table 1) .
Systemic Exposure of Aflibercept, Bevacizumab, and Ranibizumab in Patients With AMD, RVO, and DME PK data for patients with AMD have been previously published. 32 Mean systemic exposure data for the AMD, DME, and RVO groups are summarized in Tables 2-4 . Subsequent to the initial injection (Day 0), C max was reached at median time to C max (t max ) of 1, 7, and 1 day for aflibercept, bevacizumab, and ranibizumab, respectively, for patients with AMD, DME, and RVO.
Based on the Dose 3/Dose 1 geometric mean ratios of C min , C max , and AUC 0-28 , ranibizumab did not demonstrate systemic accumulation between Dose 1 and Dose 3 as evidenced by accumulation ratios close to 1 (Table 5) ; however, bevacizumab and aflibercept seemed to exhibit systemic drug accumulation. Mean ± SD serum half-lives after intravitreal administration for aflibercept, bevacizumab, and ranibizumab were 11.4 ± 4.8 days (n = 39), 18.7 ± 5.8 days (n = 7), and 5.8 ± 1.8 days (n = 43), respectively.
Systemic exposure for each anti-VEGF therapeutic did not seem to differ by indication and was consistently highest with bevacizumab, followed by aflibercept, and lowest with ranibizumab ( Figure 1 ). After Dose 3, systemic exposure to aflibercept ranged 43-to 107-fold, 7-to 13-fold, and 13-to 19-fold higher than systemic exposure to ranibizumab, whereas that of bevacizumab was 399-to 788-fold, 21-to 30-fold, and 67-to 91-fold higher than that of ranibizumab based on C min , C max , and AUC, respectively, over the 3 indications. Mean serum concentrations of aflibercept were higher than its reported half-maximal inhibitory concentration (IC 50 ) for VEGF inhibition (0.068 nM) 43 at most time points after Dose 1 and Dose 3 ( Figure 1 ). Mean serum concentrations of bevacizumab were also above its reported IC 50 (0.668 nM) 43 at most time points after Dose 3 for all indications (Figure 1 ). For Dose 1 and Dose 3, mean serum concentrations of ranibizumab met or exceeded its reported IC 50 (0.060 nM) 43 at the 3-hour and 24-hour time points postinjection, but fell below the IC 50 for the remaining time points.
Systemic Plasma Free-VEGF Levels
Mean free-VEGF levels in plasma were balanced at baseline for each indication and were comparable with values reported previously. 35, 44 Mean baseline VEGF levels are summarized in Table 1 . It is important to note that individual patient data for plasma free-VEGF levels at baseline ranged widely, from below the assay's LLOQ (10 pg/mL) to 264 pg/mL in patients with AMD, from ,10 pg/mL to 558 pg/mL in patients with DME, and from ,10 pg/mL to 615 pg/mL in patients with RVO ( Figure 2) .
Mean plasma free-VEGF profiles over time after intravitreal administration of aflibercept, bevacizumab, and ranibizumab in the AMD, DME, and RVO groups are shown in Figure 3 . For Dose 1 and Dose 3, the greatest decreases in plasma free-VEGF levels were observed with aflibercept for all 3 indications (Figure 3 ). Mean plasma VEGF levels in patients who received aflibercept fell below the LLOQ 3 hours postinjection and remained below the LLOQ at the Day 1, 3, and 7 time points for all 3 indications. Patients who received bevacizumab had notable decreases from baseline in free-VEGF levels; however, in patients with DME and RVO, mean free-VEGF levels remained above the LLOQ at all time points. In patients with AMD, free-VEGF levels were below the LLOQ after Dose 3 at the Day 1, 3, and 7 time points. Patients who received ranibizumab experienced the least amount of change in mean free-VEGF levels. Overall, there were no notable changes in mean and median free-VEGF levels from baseline for ranibizumab (Figures 2 and 3 ) over all the 3 indications.
Discussion
This study provides evidence that aflibercept, bevacizumab, and ranibizumab exhibit different systemic exposures and effects on systemic VEGF after intravitreal injection. Systemic exposure of each anti-VEGF drug did not seem to differ by indication and was consistently highest with bevacizumab and lowest with ranibizumab. Systemic ranibizumab concentrations remained below its IC 50 (0.06 nM) 43 at most observed time points for all 3 indications. However, after the third doses, systemic levels of aflibercept and bevacizumab exceeded their respective IC 50 for VEGF inhibition for all 3 indications. Ranibizumab demonstrated no systemic accumulation between Doses 1 and 3, whereas bevacizumab showed substantive drug accumulation after Dose 3 compared with Dose 1, which ranged from 30% to 95% accumulation based on C min , C max , or AUC across indications ( Table 5 ). The only exception was when the accumulation ratio was calculated using C min in patients with DME, which showed no accumulation for any of the three therapeutics. There seemed to be a trend of systemic accumulation after Dose 3 compared with Dose 1 for aflibercept, based on the consistently .1 geometric mean ratios between Dose 3 and Dose 1 using C min , C max , or AUC (ranging from 19 to 51%), although the 95% confidence intervals (CIs) spanned one in most indications (Table 5) . Because bevacizumab and aflibercept contain Fc regions, their higher systemic exposures compared with ranibizumab may result from a decreased rate of systemic clearance by FcRn-mediated recycling within endothelial cells (a mechanism protecting Fc-containing molecules from intracellular degradation within endosomes, thus decreasing their systemic clearance). 45 In contrast, ranibizumab is a Fab fragment, and thus is cleared from the systemic circulation more rapidly. Concerning systemic VEGF levels, aflibercept resulted in the greatest suppression of plasma free-VEGF, with most samples falling below the LLOQ for all three indications. Mean plasma free-VEGF levels in patients who received ranibizumab remained .10 pg/mL at every time point. In patients with RVO and DME who received bevacizumab, VEGF levels remained above the LLOQ after the first and third doses. There were no differences between plasma free-VEGF levels with ranibizumab 0.3 mg (patients with DME) compared with 0.5 mg (patients with AMD and RVO) (Figure 2 ). In patients with AMD, plasma free-VEGF levels remained above the assay's LLOQ after the first bevacizumab dose only. In this study, of the three anti-VEGF therapeutics examined, ranibizumab demonstrated the smallest effect on plasma free-VEGF levels. The measurement of free-VEGF in the presence of anti-VEGF mAb may be confounded by the disassociation of the complex these two molecules form in vivo. Anti-VEGF/VEGF complexes in samples may undergo dissociation upon dilution. However, based on published binding affinity properties of these three therapeutics, it can be concluded that the observations made in this study were not likely affected by complex dissociation incurred by sample dilution performed during sample testing.
The results described herein are consistent with other published studies in AMD. [33] [34] [35] [36] [37] [38] Several recent studies have shown that mean systemic VEGF levels are markedly reduced from baseline in patients with AMD receiving aflibercept injection, and these reductions have lasted 1 month or longer, whereas the VEGF levels in patients who received ranibizumab injection did not change significantly. 34, 38 A prospective, interventional case series by Wang et al reported that, in patients with AMD, 0.5-mg ranibizumab did not have a significant impact on plasma VEGF concentrations over 2 months. 35 However, patients treated with aflibercept 2.0 mg showed dramatic reductions from baseline in VEGF levels at 1 week and 1 month postinjection, and VEGF levels did not return to nearbaseline values until 2 months postinjection. 35 Similarly, a prospective randomized controlled trial in patients with AMD reported that plasma VEGF levels were reduced from baseline levels below the minimum detectable dose (MDD) in 89.5% of patients 1 week after injection of aflibercept and remained below the MDD at 1 month, but ranibizumab did not produce significant changes in plasma VEGF levels at either time point. 34 Limited data are available on the impact of anti-VEGF treatment on plasma VEGF levels in patients with DME and RVO. The results of the present study for patients with DME were similar to those of a smaller study by Zehetner et al, 46 which reported significant reductions in plasma VEGF levels from baseline after 1 week (P = 0.008) and levels remained reduced at 4 weeks (P = 0.012) in patients with DME treated with bevacizumab (n = 10). Conversely, plasma VEGF levels in patients with DME treated with ranibizumab (n = 10) were not significantly affected. 46 The clinical implications of suppression of systemic VEGF after intravitreal anti-VEGF therapeutic administration are not known. From clinical experience in oncology, VEGF suppression after systemic administration of anti-VEGF agents has been associated with cardiovascular, arterial thromboembolic, renal, and GI adverse effects and wound-healing complications. 24 Few head-to-head studies have been conducted between ranibizumab and aflibercept. In the VIEW I and II clinical trials, the ocular and systemic safety profiles of ranibizumab and aflibercept in patients with AMD were found to be similar. 26, 27 Additionally, in a study comparing ranibizumab, aflibercept, and bevacizumab in patients with DME, there were no significant differences in systemic safety including the rates of serious adverse events (SAEs), hospitalization, death, or major cardiovascular events at 1 year. 8 At 2 years, more Antiplatelet Trialists Collaboration (APTC) events were noted in the ranibizumab arm (P = 0.047), although there was a baseline imbalance with more ranibizumab patients with a pretreatment cardiovascular history (coronary artery disease, myocardial infarction, transient ischemic attack, and cerebrovascular accident) than aflibercept patients (70 vs. 49), and when adjusting for multiple baseline characteristics, the differences were no longer statistically significant (overall P = 0.09). 47 Furthermore, the authors noted that this increased incidence of ATEs was not observed in previous trials with ranibizumab, and the implications of the increased rate of APTC events with ranibizumab found in that study were uncertain because of this inconsistency. 47 The efficacy and safety profiles of bevacizumab and ranibizumab have been compared in several clinical trials. 25, 28, 30 Although the efficacy of both treatments has been comparable, differences in their respective safety profiles have been reported. In the Comparison of Age-Related Macular Degeneration Treatments Trials (CATT), a higher percentage of bevacizumab patients had $1 systemic SAEs compared with ranibizumab patients (39.9 vs. 31.7%; adjusted risk ratio [RR], 1.30; 95% CI, 1.07-1.57; P = 0.009). 5 In the alternative treatments to Inhibit VEGF in Age-related choroidal Neovascularization (IVAN) randomized trial of bevacizumab and ranibizumab, serum VEGF levels were significantly lower after bevacizumab administration compared with ranibizumab (geometric mean ratio, 0.47; 95% CI, 0.41-0.54, P , 0.001). 31 Median serum VEGF levels in patients receiving bevacizumab decreased from 203 pg/mL at baseline to 83 pg/mL at 1 year, whereas median serum VEGF concentrations in patients receiving ranibizumab decreased from 173 pg/mL at baseline to 151 pg/mL at 1 year. The incidence of systemic SAEs in IVAN did not differ between ranibizumab and bevacizumab (9.6 vs. 12.5%; P = 0.25); Meta-analyses of clinical trials have also reported potential safety differences between bevacizumab and ranibizumab. Zhang et al 49 performed a meta-analysis of 4 clinical trials and 11 retrospective case series to examine the efficacy and safety of bevacizumab and ranibizumab in patients with AMD. Ranibizumab was found to be associated with a lower incidence of venous thrombotic events (RR, 0.27; 95% CI, 0.08-0.89; P = 0.03), but the risk of ATEs did not differ. A recent meta-analysis of patients with AMD, RVO, or DME treated with either ranibizumab or bevacizumab reported no increased risk of major cardiovascular events or nonocular hemorrhagic events. 50 However, for the trials that compared bevacizumab and ranibizumab directly, bevacizumab was found to have increased risk of venous thromboembolic events (odds ratio, 3.45; 95% CI, 1.25-9.54; P = 0.02). 50 Three meta-analyses of AMD trials have identified an increased risk of GI adverse events with bevacizumab versus ranibizumab. [51] [52] [53] In a meta-analysis of data from the CATT, IVAN, GEFAL, MANTA, and LUCAS trials, a higher percentage of patients randomized to bevacizumab experienced a GI SAE compared with patients randomized to ranibizumab (3.1 vs. 1.6%) and the risk of a GI SAE with bevacizumab was significantly higher versus ranibizumab (RR, 1.94; 95% CI, 1.20-3.14, P = 0.007). 51 Two Cochrane reports published in 2014 found a higher risk of GI adverse events with bevacizumab versus ranibizumab (RR, 1.82; 95% CI, 1.04-3.19, P = 0.04, in one, and RR, 2.24; 95% CI, 1.10-4.55, in the other). 52, 53 One of these Cochrane meta-analyses found a significant increase in systemic SAEs with bevacizumab compared with ranibizumab (RR, 1.27; 95% CI, 1.06-1.52). 52 The second Cochrane metaanalysis included unpublished trials including LU-CAS and found the risk to no longer be statistically significant (RR, 1.08; 95% CI, 0.90-1.31, P = 0.42). 53 However, excluding the LUCAS trial, they found the results to be significant with RR, 1.19; 95% CI, 1.06-1.34, P = 0.0038. 53 The LUCAS authors noted a statistically significant imbalance at baseline with more patients with previous MIs in the ranibizumab arm (P = 0.02). The increase in systemic SAEs was driven primarily by an increase in cardiovascular events in the ranibizumab arm, which was also statistically significant at year 1, but not at year 2. 54, 55 Hence, it is possible that the baseline imbalance in LUCAS may be responsible for the finding of no statistically significant difference in systemic SAEs in this second Cochrane meta-analysis. 56 Intravitreal anti-VEGF therapy seems safe in the general population enrolled into numerous clinical trials, but there may be select at-risk populations, such as patients with diabetes or a history of recent MI or cerebrovascular accident, in whom there may be increased systemic risk to sustained suppression of systemic VEGF levels. 23, 56 In fact, a recent, focused meta-analysis described a possibly increased risk of death in diabetic patients receiving monthly anti-VEGF agents for 2 years. 39 Fig. 2 . Plasma levels of free-VEGF in (A) patients with AMD, (B) patients with DME, and (C) patients with RVO. Lines represent median and interquartile range. Dotted line represents the LLOQ. Outliers (.75 pg/mL) are not illustrated for better visualization of the data, but are included in the median and interquartile range (AMD: 1 level in patient treated with ranibizumab; DME: 2 levels in patients treated with bevacizumab, 5 levels in patients treated with ranibizumab; RVO: 13 levels in patients treated with bevacizumab, 6 levels in patients treated with ranibizumab). Plasma VEGF levels that measured lower than the LLOQ were assigned a value of 50% of the LLOQ. ITV, intravitreal. Another at-risk population is retinopathy of prematurity (ROP) infants, because VEGF has a role in organogenesis and neurodevelopment. Two recent studies have raised concerns about a potential increased risk of neurodevelopmental abnormalities in ROP infants treated with bevacizumab relative to laser alone. 57, 58 Because of the ROP baby's small size, the total blood volume is $20-fold less than that of adults, but the dose of bevacizumab typically administered is one half of the adult dose. A recent PK study in ROP infants found a serum bevacizumab C max of 1,002 ng/mL at 2 weeks, $9-fold higher than the C max at 1 week after the first dose in the present study. 59 Bevacizumab was detected and free-VEGF was reduced in the serum out to 8 weeks in this ROP study, which did not evaluate ranibizumab. 59 Because the present study found much lower systemic exposure from ranibizumab compared with bevacizumab across three disease states, if these findings can be extrapolated to ROP, it would support the contention that ranibizumab may be safer than bevacizumab in infants. 60 Ongoing trials are evaluating lower doses of both bevacizumab and ranibizumab in ROP.
The present study provides important insight into the differences in systemic distribution of these anti-VEGF agents and circulating levels of VEGF in patients with AMD, DME, and RVO. Despite its relatively small sample size and lack of formal statistical analysis, the present study prospectively evaluated head-to-head all the commonly used intravitreal anti-VEGF therapeutics across multiple disease states over several time points. Nearly 2,000 blood samples were each analyzed for free-VEGF and drug concentrations, making it the largest reported comparative PK/pharmacodynamic study of these 3 agents. An additional strength of this study is the use of CTAD collection tubes, which minimize the impact of platelet rupture and/or activation that can lead to release of VEGF from platelets, which could erroneously skew the data toward higher or more variable VEGF levels. 32 Furthermore, unlike most previous studies that did not measure drug levels, comparisons of systemic drug levels and VEGF levels were analyzed and demonstrated that higher systemic concentrations of the drug correlated with more suppression of plasma free-VEGF levels.
Conclusions
In patients with AMD, DME, and RVO, the three anti-VEGF treatments examined in this analysis demonstrated notable differences in systemic PKs and plasma free-VEGF levels. Although clinically meaningful differences in the systemic safety profiles have yet to be elucidated, these differences could provide a plausible biologic explanation for potential differences in systemic safety risks among aflibercept, bevacizumab, and ranibizumab.
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